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Summary 
To study the interaction of the TCR with its ligand, the 
complex of a MHC molecule and an antigenic peptide, 
we modified a TCR contact residue of a K2K%strkted 
antigenic peptide with photoreactlve 4-axidobenzoic 
acid. The photoreactive group was a critical compo- 
nent of the epitope recognized by CTL clones derived 
from mice immunized with such a peptide derivative. 
The majority of these clones expressed VjM-encoded 
fl chains that were paired with JaTAPS-encoded a 
chains. For one of these TCR, the photoaffinlty labeled 
sites were mapped on the achain as a JaTA2&encoded 
tryptophan and on the fi chain as a residue of the C 
strand of Vj31. Molecular modeling of this TCR sug- 
gested the presence of a hydrophobic pocket that har- 
bors this tryptophan as well as a tyrosine on the C 
strand of Vgl between which the photoreactive side 
chain inserts. It Is concluded that this avld binding 
principle may account for the preferential selection of 
VP1 and JaTAP&encoded TCR. 
Introduction 
T lymphocytes generally recognize antigenic peptides 
bound to major histocompatibility complex (MHC) encoded 
molecules on the surface of antigen-presenting cells 
(Matis, 1990) via specific T cell antigen receptor (TCR). 
The structure of several human and murine MHC class 
I-peptide complexes has been elucidated by X-ray crystal- 
lography (Fremont etal., 1992; Madden et al., 1992,1993). 
These studies indicated that peptide binding to the MHC 
molecule involves the accommodation of peptide “anchor 
residues” into allele-specific pocketsof the MHC molecule, 
while other peptide residues are orientated away from the 
MHC molecule and hence may interact with the TCR. 
On the other hand, the three-dimensional structure of 
the TCR has yet to be elucidated; however, its sequence 
similarity with immunoglobulins strongly suggests that 
TCR may fold in an immunoglobulin-like manner. Based 
on this analogy, it has been proposed that the complemen- 
tary determining region (CDR)-equivalent domains of the 
TCR are involved in ligand binding. Since the allelic poly- 
morphism of MHC molecules is less extensive than the 
diversity of MHC-bound peptides, it has been proposed 
that TCR-MHC interactions involve, but may not be limited 
to, the CDRl- and CDR2-equivalent regions encoded by 
Va and VP gene segments, while TCR-peptide interac- 
tions involve the highly diverse junctional CDR3-equiv- 
alent regions (Davis and Bjorkman, 1988; Chothia et al., 
1988; Claverie et al., 1989). These considerations suggest 
that in the bound state MHCassociated peptides run par- 
allel in between the two CDRl and CDRP loops, and hence 
are located under the two CDR3 domains. Experimental 
evidence supporting this model, and in particular that TCR 
CDR3 loops are critical for recognition of the antigenic 
peptide, has been provided mainly in various MHC class 
II-restricted systems. Conclusions were based on the dif- 
ference of peptide fine specificity displayed by T cells bear- 
ing either natural (Danska et al., 1990; Lai et al., 1990; 
Taylor et al., 1990) or genetically engineered (Engel and 
Hedrick, 1988; Kaye et al., 1991) TCR variants, that dif- 
fered at a single CDR3 position. A study of the recognition 
of a cytochrome c peptide by I-Ek-restricted T cells indi- 
cated that the CDR3a domain interacted with N-terminal 
peptide residues and the CDR3g with C-terminal residues 
(Jorgensen et al., 1992). This orientation of the TCR- 
ligand interaction, however, seems not to apply generally, 
since in a study on I-A-restricted alloreactive DlO T cells 
an inverse TCR-ligand orientation (i.e., rotated by 180“) 
was proposed (Hong et al., 1992). 
While these studies disagree in the relative orientation 
of the TCR-ligand interaction, they are in accordance with 
the current concept of these interactions. There exist, how- 
ever, observations that are difficult to explain by this 
model. For example, MHC class It-restricted tetanus toxin 
tt830-844 reactive T cells display a preferential VP2 usage 
and a complete lack of junctional sequence conservation 
on both chains (Boitel et al., 1992). Furthermore, an Ld- 
restricted CTL clone using the same Va3 segment as an 
l-Ad-restricted arsonate reactive one, but an unrelated Va- 
Ja junction and B chain, also recognized this epitope, sug- 
gesting that CDR3 sequences in this system may not be 
critical (Tan et al., 1988). 
In this study, we present a strategy for the analysis of 
TCR-ligand interactions that is based on two principles. 
First, TCR-ligand interactions are assessed on living cyto- 
toxic T lymphocytes (CTLs) by TCR photoaffinity labeling. 
This can be accomplished by modification of a TCR con- 
tact residue of an antigenic peptide with a photoreactive 
group. For example, we have previously modified the Plas- 
modium berghei circumsporozoite peptide PbCS 253-260 
(YIPSAEKI) with iodo+azidosalicylic acid (IASA) at the 
TCR contact residue Lys-259. Cloned CTL derived from 
mice immunized with the peptide derivative specifically 
recognized this conjugate in a Kd-restricted manner. On 
some of these clones, the interaction of the TCR with Kd- 
associated peptide derivative could be assessed by TCR 
photoaffinity labeling (Romero et al., 1993a, 1993b). 
Second, the rapid dissociation of the peptide derivative 
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Table 1. Recognition of PbCS Peptide Derivatives by Seven CTL Clones 
CTL done 
ABAd ABA 
I I 
IASA-YIPSAEKI YIPSAEKI 
@M) 5096 Ill IfsI 
IASA-YIPSAEKI 
A 
ABA ABA 
I I 
YIPSAE Omd I YIPSAE Dab“ I 
WI I151 
Sl 27W 1.5 <lOd <IO4 <lo+ 
s4 25 0.6 10-S lo* lo* 
s14 70 2.0 10-s <lo* <lo-’ 
s15 110 0.8 10.’ <lo* 1V 
s17 17 0.7 1 o-5 <IO’ lo+ 
S18 640 1.0 <10-s <lOd <lo* 
Tl 26 2.0 <10-s <loa <lo* 
‘The numeric values indicate the concentration (PM) of IASA-YIPSAEK(ABA)I required for 50% maximal lysis (%r-refease) by the corresponding 
CTL dories. Dilutions (34ofd) of the peptide derivative were made in the range of lo+ to 1tF M. These values were used to calculate the relative 
antigenic activity of the other conjugates. 
D The normalized relative antigenic activities of the peptide derivatives were calculated by dividing the relative antiganic actffies by the relative 
Kd competitor activiiies (see Experimental Procedures). 
c The relative Kd competitor activities were calculated relative to the one of IASA-YIPSAEK(ABA)I. 
I I 
I OH NH NH 
C- ABA: N3 -@- c 
I 
II 
P-b), 
II I 
0 ’ Orn: NH&H-CO Dab: iH&H-CO 
from Kd molecules is overcome by thecovalent attachment 
of the peptide derivative to the Kd molecules. This was 
accomplished by conjugating the PbCS peptide N termi- 
nally with /ASA and at Lys-259 with ABA. Owing to its 
distinct ultraviolet (UV) absorption, the /ASA group could 
be selectively photoactivated, resulting in covalent attach- 
ment of the peptide derivative to cell-associated or soluble 
Kd molecules. Incubation of /ASA-YIPSAEK(ABA)I-reac- 
tive CTL with these covalent Kd-peptide derivative com- 
plexes and photoactivation resulted in efficient and spe- 
cific TCR photoaffinity labeling (Luescher et al., 1994). 
In this study, we derived 22 CTL clones from mice immu- 
nized with IASA-YIPSAEK(A6A)I. After testing them for 
TCR photoaffinity labeling, seven independent clones 
were selected and studied in detail. These studies indicate 
a correlation between a preferential TCR gene element 
usage and a molecular principle of TCR-ligand inter- 
action. 
Results 
Antigen Recognltlon by 
IASA-YIPSAEK(ABA)I-Specific CTL Clones 
The CTL clones utilized in this study were derived from 
mice immunized with concanavalin A spleen blasts ex- 
pressing covalent Kd-“/ASA”-YIPSAEK(A6A)I complexes. 
Seven independent clones were selected on the basis of 
efficient TCR photoaffinity labeling. The specificity of anti- 
gen recognition by these clones was assessed in a cyto- 
lytic assay, based on chromium release from peptide- 
sensitized P815 target cells. 
As shown for a representative experiment in Table 1, 
the concentration of IASA-YIPSAEK(A6A)I required for 
half-maximal lysis ranged from 17 pM for the S17 clone 
to 840 pM for the S18 clone. Similar efficiency of recogni- 
tion was observed for PbCSreactive CTL clones (Romero 
et al., 1992). The antigen recognition by all clones was 
inhibited completely by the anti-Kd monoclonal antibody 
(MAb) 20-84s and the anti-LFAl MAb FD18.5 (data not 
shown). The anti-CD8 MAb 53-8-72 partially inhibited the 
recognition to various degrees by each clone (data not 
shown). Similar results were obtained for other Kd- 
restricted CTL clones (Romero et al., 1993a, 1993b). 
For fine specificity analysis, four variant peptide deriva- 
tives were tested for recognition by the different CTL 
clones (Table 1). The efficiency of recognition of these 
compounds was expressed in normalized relative anti- 
genie activities (see Experimental Procedures). Deletion 
of the lASA group (YIPSAEK[ABA]I) affected the efficiency 
of recognition only slightly, indicating that the N-terminal 
photoreactive group was of minor importance for recogni- 
tion. In contrast, deletion of the ABA group (/A&YIPSAEKI) 
dramatically reduced the efficiency of recognition by all 
clones, demonstrating that the orthogonal photoreactive 
group constituted a critical part of the epitope recognized 
by these clones. Moreover, shortening of the Lys-259 side 
chain by one or two methylene groups (YIPSAEOrn[ABA]I 
or YIPSAEDab[ABA]I) also drastically reduced the antigen 
recognition by all CTL clones, indicating that the distance 
from the ABA group to the peptide backbone was critical. 
TCR Photoaffinlty Labeling 
TCR photoaffinity labeling on the different clones was as- 
sessed in three types of experiments (Figure 1). As pre- 
viously reported, TCR photoaffinity labeling can be accom- 
plished by incubating cloned CTL with radiolabeled 
peptide derivative and UV irradiation (Romero et al., 
1993a; Luescher et al., 1994). In the experiment shown 
&Cell Antigen Receptor Photoaffinity Labeling 
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0 = P815Kd - “IASA” - YIPSAEK (ABA) I - 
1234567 
Sl S4 S14 S15 S17 S16 Tl 
@ Kd QlO - “IASA” - YIPSAEK (ABA) I - 
-90 
Sl S4 S14 95 S17 S16 Tl 
Figure 1. TGR Photoaffinity Labeling on CTL Clones 
The cloned CTL Sl (lane I), S4 (lane 2) 514 (lane 3) S15 (lane 4), 
S17 (lane 5) S18 (lane 6) and Tl (lane 7) were incubated with (A) 
9ASA-YIPSAEK(ABA)I, (6) P815 cell-associated or (C)soluble cova- 
lent Kd-peptide derivative wmptexes. After UV irradiation, the immune 
precipitated TCR were analyzed by SDS-PAGE (1 O%, reducing). 
in Figure IA, cloned CTL were incubated with t25/ASA- 
YIPSAEK(ABA)I, followed by UV irradiation at 312 f 40 
nm, which activates both photoreactive groups. After im- 
munoprecipitation with an anti-TCR MAb and SDS-PAGE 
analysis under reducing conditions, labeled materials with 
apparent M, of 87-91 kDa were observed. TCR are com- 
posed of disulfide-linked a and 6 chains, both of M, of 38- 
45 kDa (Samelson, 1985). Thus, the observed M, of the 
labeled species was in agreement with that of trimolecular 
complexes, composed of a Kd heavy chain (approximately 
45 kDa), the cross-linking peptide derivative (about 1.5 
kDa), and a TCR chain, The observed variation in the ap- 
parent M, most likely reflects M, differences of the pho- 
tocross-linked TCR chain. This TCR photoaffinity labeling 
was completely inhibited on all clones in the presence of 
a 300-fold molar excess of the Kd-restricted peptide 
P198-.14-22 during the incubation period. Conversely, no 
inhibition was observed in the presenceof the Db-restricted 
Ad5 El a 234-243 peptide (data not shown). These results 
demonstrate that this TCR photoaffinity labeling was de- 
pendent on the peptide derivative binding first to CTL- 
associated Kd molecules and the free peptide derivative 
being unable to label TCR detectably. 
Alternatively, TCR photoaffinity labeling could be ac- 
complished with cell-associated covalent ligand (Figure 
1B). To this end, P815 cells were first incubated with 
‘25/ASA-YIPSAEK(ABA)I under conditions previously iden- 
tified to provide maximal binding. Selective photoactiva- 
tion of the /ASA group resulted in the covalent attachment 
of the peptide derivative to P815 cell-associated Kd mole- 
cules (Luescher et al., 1994). These P815 cells were then 
incubated with the cloned CTL and following photoactiva- 
tion of the ABA group, the immunoprecipitated TCR were 
analyzed as in the previous experiment. Compared with 
the previous experiment, considerably more efficient TCR 
labeling was observed. This difference is primarily ex- 
plained by a more efficient presentation of the peptide 
derivative by the P815 cells, as compared with the CTL 
(Luescher et al., 1994). 
TCR photoaffinity labeling could also be accomplished 
with soluble monomeric Kd (KQlO) peptide derivative 
complexes, which were obtained by photoaffinity labeling 
of purified KdQl 0 with 125/ASA-YIPSAEK(ABA)I (Figure 
1C). In contrast, KdQIO cross-linked with ‘*VASA”- 
YIPSAEOrn(A6A)I failed to yield detectable TCR photoaf- 
finity labeling (data not shown). TCR photoaffinity labeling 
on all clones was completely inhibited in all three experi- 
ments in the presence of the 20-8-4s MAb, which by bind- 
ing to the al domain of Kd blocks the interaction of TCR 
with Kd molecules (Luescher et al., 1994; data not shown). 
Assessment of Photoaffinlty-Labeled TCR Chain 
We determined which chain of the TCR was photoaffinity 
labeled by two-dimensional gel electrophoresis of photoaf- 
finity-labeled TCR. To prevent cross-linking of the TCR to 
the Kd molecule, the azido group of /ASA was deleted. 
The resulting ISA-YIPSAEK(ABA)I was recognized as eff i- 
ciently as IASA-YIPSAEK(ABA)I by all CTL clones (data 
not shown), which is consistent with the finding that the 
N-terminally conjugated group was of minor importance 
for antigen recognition by these clones. As shown in Figure 
2A, the photoaffinity labeled TCR of the S14 clone (S14 
TCR) displayed a more intensively labeled material with 
an IP of about 4.8 and a weakly labeled species with an 
IP of about 6.3, both with an apparent M, of approximately 
44 kDa. Densitometric evaluation of the autoradiogram 
showed that about 74% of the radioactivity was incorpo- 
rated in the former and 26% in the latter material. The 
same analysis was performed on S14 TCR isolated from 
surface-radioiodinated S14 cells. The major labeled spe- 
cies displayed an IP of approximately 4.9 and 6.4, respec- 
tively, and migrated with an apparent M, of about 43 kDa 
(Figure 2B). Since the IP of the a chain is typically lower 
(4-5) than that of the 8 chain (5-8) (Samelson, 1985) this 
experiment indicated that the S14 TCR was preferentially 
labeled at the a chain. The same analysis was performed 
on the other CTL clones, the results of which are summa- 
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Figure 2. Two-Dimensional Gel Electrophoresis of Labeled TCR 
S14 ceils were photoaffinity labeled with ‘25/SA-YIPSAEK(A8A)I (A) or surface radioiodinated (6). The TCR-CDS complex was immunoprecipitated 
with an anti-CD3 MAb and analyzed by two-dimensional gel electrophoresis. The first dimension (horizontal) was IEF and the second dimension 
(vertical) was SDS-PAGE (10%) both under reducing conditions. The indicated pH values were measured from a blank IEF electrophoresis, 
performed in the same experiment. The TCR of the other clones were analyzed likewise. The two-dimensional gels of the photoaffinity-labeled 
TCR were evaluated by densitometry and the relative extent of a and b chain labeling was expressed as percent of the total TCR labeling (C). 
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Table 2. TCR Gene Element Usage and TCR Junctional Amino Acid Sequences 
TCRB TCRa 
CTL ‘.‘g Fw CDR3 Fw JB Va Fw CDR3 FW Ja 
Sl 1 CAS SSGNQAP LFG 1.5 8.F3.6 CAL SDSGSWQL IFG TA28 
4n HFG 348.281 
s4 1 CAS SQGTEV FFG 1.1 4.S4’ CAS ASSGSWQL IFG TA28 
BMB VFG JBIO 
s14 1 CAS SQGTTEV FFG 1.1 4.TA65 CAL GASGSWQL IFG TA28 
I.TTll. 
s15 1 CAS SPGVYEQ YFG 2.7 1 C5 CAV ASSGSWQL I FG TA28 
4.MD13 CAL SDRGGSALGRL HFG 348.281 
s17 4 CAS SQESHKNSDY TFG 1.2 4a IFG TA28 
S18 1 CAS SAGTETL YFG 2.3 BMB CAM REVSSGSWQL IFG TA28 
Tl 8.2 CAS GEGQSYEQ YFG 2.7 4.BDFL2 CVL GDRGNNNR I FFG 20 
Seven /ASA-YIPSAEK(ABA)I-specific CTL clones are listed on the vertical axis. The TCRB (left) and a (right) segments consistent with an open 
reading frame, encoding for junctional, putatively CDRllike, regions are shown. *, out of frame. 
rized in Figure 2C. Exclusive or nearly exclusive photoat 
finity labeling of the TCR f3 chain was observed on the Tl 
and S17 clones. Conversely, the TCR of the S4, Sl4, and 
S15 clones were preferentially labeled at the a chain, while 
the Sl and S18 clones were preferentially labeled at the 
5 chain. 
TCR Analysis by PCR 
Polymerase chain reaction (PCR) analysis of the TCR 
showed that the TCR of the Sl, S4, Sl4, S15, and S18 
clones expressed Vf31-encoded 5 chains (Table 2, left). 
Sequencing indicated that the junctional CDR3-equivalent 
regions of the Vl31 -encoded 5 chains were 5-7 aa long and 
contained aconserved serine and glycine. The 9 chains of 
the S17 and Tl clones were encoded by VP4 and Vf38.2, 
respectively, and their CDR35 regions were 8-10 aa long 
and expressed different sequences. The usage of Jp gene 
elements among the seven clones was diverse, and only 
the S4 and S14 clones utilized the same Jpl .l segment. 
Of these clones, four had two rearranged Vu transcripts; 
however, except for the S15 clone, one of them was out 
of frame (Table 2, right). The Va gene usage was diverse, 
although the TCR of the S4, S14, and S15 clones ex- 
pressed elements of the Va4 family. (For the latter clone 
this is speculative, since it is not known which of the two 
productively rearranged a chains is paired with the 5 
chain.) In contrast, five of the clones expressed the 
JaTA28 gene element. Remarkably, the same clones ex- 
pressed Vpl-encoded 3 chains. The CDR3a regions of 
the JaTA28-encoded TCR were 8-10 aa long and con- 
tained the JaTA28encoded sequence SGSWQL. The Tl 
clone expressed a different Ja element and an unrelated 
CDR3a sequence. For the S17 clone, none of the Va- 
specific oligonucleotides used for the screening (Casa- 
nova et al., 1991) detected an in-frame transcript. 
Localization of the TCR Photoaffinity-Labeled Sites 
on the S14 Clone 
To localize the TCR photoaffinity-labeled sites by peptide 
mapping, the S14 TCR was labeled with KdQl O-associated 
YIPSAEK(125/ASA)I. This derivative was efficiently recog- 
nized by the S14 CTL clone (data not shown) and, con- 
taining the radiolabel in the photoreactive group, imposed 
no restriction in the use of peptidases for peptide mapping. 
To localize the photoaffinity-labeled site on the TCR a 
chain, the isolated protein was reduced and alkylated with 
iodoacetamide and then digested with trypsin. Upon sepa- 
ration of the digest fragments on C-4 high performance 
liquid chromatography (HPLC), the major ‘*%labeled ma- 
terial eluted from the column after 34-35 min (Figure 3A). 
This digest fragment, as judged by SDS-PAGE analysis, 
was homogeneous and had an apparent M, of about 8.7 
kDa (see Figure 4E, lane 1). To determine whether this 
fragment contained cysteine, the same peptide mapping 
was performed on unalkylated photoaffinity-labeled a 
chain. In this experiment, diverse 1251-labeled species eluted 
from the column between 31 and 41 min (Figure 3A, insert 
I). Upon reduction and alkylation of these materials with 
P-bromoacetoyl [%]methionine, essentially the same ‘%I 
elution profile was observed as in the first experiment (Fig- 
ure 3A, insert II, solid line). Double counting of the fractions 
showed that the 1251-labeled material also contained ?S 
(Figure 3A, insert II, dotted line), indicating that the photo- 
affinity-labeled tryptic digest fragment indeed contained 
cysteine. 
When protease V-8 was used instead of trypsin, the ma- 
jor ‘%abeled material eluted in a narrower interval after 
about 30 min (Figure 38). By SDS-PAGE analysis, this 
material was homogeneous and had a M, of approximately 
4.8 kDa (Figure 4E, lane 2). Digestion of the labeled tryptic 
digest fragment with protease V-8 or digestion of the la- 
beled V-8 digest fragment with trypsin produced second- 
ary digest fragments that, as judged by C-4 HPLC and 
SDS-PAGE, were identical with the labeled primary V-8 
digest fragment (data not shown). This implies that the 
labeled primary V-8 digest fragment contained no tryptic 
cleavage sites and that it was contained in the primary 
tryptic digest fragment. 
The sequence of the a chain contains only two theoreti- 
cal tryptic digest fragments (residues l-48 and 77-124, 
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Figure 3. Peptide Mapping of Photoaffinity- 
Labeled S14 a Chain 
Photoaffinity-labeled a chain was reduced and 
alkylated with iodoacetamide and digested 
with trypsin (A) or protease V-8 (6) and the di- 
gest fragments separated by C-4 reverse 
phase HPLC. The photoaffinity-labeled pri- 
mary tryptic digest product was treated with 
CNBr and the resulting fragments separated 
by C-4 HPLC (C). Alternatively, the photoaffin- 
ity-labeled V-5 digest fragment, derived from 
S14TCR biosynthetically labeled with PH]ttyp 
tophan, was extensively digested with carboxy- 
peptidases P and Y and the resulting fragments 
separated by C-18 HPLC (D). The fractions of 
this peptide map were counted for ‘7 (solid 
line) and for 3H (dotted line). (E) indicates the 
elution position of the educt and the ticks those 
of the HPLC standards. To identify the pres- 
ence of cystein(s) in the photoaffinity-labeled 
tryptic digest fragment, a ttyptic peptide map 
was performed on unalkylated a chain (insert 
I). The ‘%iabeled material was reduced and 
alkylated with P-bromoacetoyl [“Slmethionine 
(and subjected again to C-4 HPLC, insert II). 
The fractions of this chromatography were 
counted for ‘7 (solid line) and =S (dotted line). 
The ability of the Lys (/AS&derived radicals 
to react with different amino acids was as- 
sessed in a solid phase assay(E). Solutions of 
JH-labeled amino acids were evaporated in the 
presence of Lys(/ASA)-agarose and the 
amount of immobilized amino acid determined 
after UV irradiation and washing. 
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respectively) (Figure 5A), the M, of which correspond ap- 
proximately with the M, of the labeled tryptic digest frag- 
ment (6.7 kDa). Since the latter, but not the former, of 
these fragments contained a methionine (Figure 5A), the 
labeled tryptic digest fragment was treated with CNBr. 
This treatment resulted in the formation of a ‘Wlabeled 
material that eluted from the C-4 column after approxi- 
mately 26 min (see Figure 3C) and migrated on SDS- 
PAGE with an apparent M, of approximately 5.3 kDa (see 
Figure 4E, lane 3). The second labeled material in this 
peptide map was uncleaved primary tryptic digest frag- 
ment (data not shown). The observed reduction of the M, 
(approximately 1.4 kDa) correlates with the M, of the 14 
C-terminal residues of the tryptic fragment 77-124, sug- 
gesting that the photoaffinity-labeled site was located in 
the segment 77-l 10 (see Figure 5A). 
Accordingly, the labeled V-8 digest fragment was ex- 
pected to include the residues 84-l 17 (see Figure 5A). 
This is in accordance with the observed M, of this labeled 
digest fragment (4.6 kDa) and the finding that it lacked 
tryptic cleavage sites. This V-8 digest fragment contains 
one tryptophan, Trp-97 (see Figure 5A). To examine 
whether this residue was the photoaffinity-labeled site, the 
S14 TCR was biosynthetically labeled with [3H]tryptophan 
prior to photoaffinity labeling. Double counting of the V-8 
peptide map indicated that the ‘?-labeled digest fragment 
also contained [3H]tryptophan (data not shown). This frag- 
ment was extensively digested with carboxypeptidase P 
and Y, which completely hydrolyzed peptides. The major 
1251-labeled species eluted from a C-18 HPLC column in 
a very narrow interval after 22 min (see Figure 3D, solid 
line). Double counting showed that 3H coeluted with ‘=I 
from the column. Taken collectively, these results indicate 
that the photoaffinity-labeled site on the S14 TCR a chain 
was Trp97. 
To localize the photoaffinity-labeled site on the TCR B 
chain, photoaffinity-labeled fl chain was extensively di- 
gested with trypsin or protease V-8 and the resulting digest 
fragments were separated by C-4 HPLC. The 1251-labeled 
tryptic digest fragment eluted after 25-26 min and the la- 
beled V-8 digest fragment after approximately 24 min (see 
Figures 4A and 48). As assessed by SDS-PAGE, both 
fragments were homogeneous and migrated with appar- 
ent M, of approximately 2.6 kDa and 2 kDa, respectively 
(see Figure 4E, lanes 4 and 5). Neither fragment contained 
a cysteine residue (data not shown). 
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Figure 4. Peptide Mapping of Photoaffinity- 
Labeled S14 5 Chain 
trypsin (A) or protease V-6 (8) and the digest 
fragments separated by C-4 reverse phase 
HPLC. The labeled tryptic digest fragment was 
treated with CNBr and the resulting fragments 
separated by C-4 HPLC (C). Afternatively, the 
labeled V-6 digest fragment was digested with 
ArgC and the resulting fragments separated 
by anion FPLC (D). The digest fragments of the 
different peptide maps were analyzed by SDS- 
PAGE (E). a chain-derived samples include 
the following: lane 1, fraction 34 and 35 of tryp 
tic map; lane 2, fraction 30 of V-8 map; lane 3, 
fraction 25 and 26 of secondary CNBr map. 6 
chain-derived samples include the following: 
lane 4, fraction 25 and 26 of tryptic map; lane 
5, fraction 24 of V-6 map; and lane 6, fraction 24 
of secondary CNBr map. The positions labeled 
(E) (in [C] and [D]) indicate the elution of the 
educt and the ticks the positions of the HPLC 
standards. 
Treatment of the labeled tryptic digest fragment with 
CNBr produced a new fragment that eluted slightly earlier 
from the C-4 HPLC column (see Figure 4C) and that, ac- 
cording to SDS-PAGE, had a slightly smaller M, than the 
parental fragment (see Figure 4E, lane 6) indicating that 
this tryptic fragment contained a methionine residue. This 
8 chain contains only two such residues, which are located 
in the theoretical tryptic digest fragments, 19-35 and 41- 
51, respectively (see Figure 56). Since the former of these 
fragments contains cysteine, the labeled site was ex- 
pected to be located in the latter fragment. Accordingly, 
the photoaffinity-labeled V-8 digest fragment was pre- 
dicted to include the residues 44-57 (see Figure 5B). To 
test this prediction, the 1251-labeled V-8 fragment was 
treated with endoprotease Arg-C. As assessed by anion 
FPLC, this treatment resulted in the formation of a new 
digest fragment that eluted approximately 4 min earlier 
from the DEAE column than the parental V-8 digest frag- 
ment (see Figure 4D). This reduction of the net negative 
charge confirmed that the photoaffinity-labeled site was 
located in the sequence 44-57, which upon Arg-C treat- 
ment loses one negative charge (see Figure 58). Since 
the photoaffinity-labeled site was also located in the tryptic 
digest fragment 41-51, it must be present in the sequence 
44-51, which is common to both fragments. This is in ac- 
cordance with the observed apparent M, of the labeled 
digest fragments (see Figure 4E; Figure 58). 
To evaluate whether the photoaffinity-labeled sites were 
actual contact sites, or rather residues that preferentially 
reacted with the arylnitrenes, the reactivity of Lys(/ASA)- 
derived radicals with individual amino acids was assessed. 
To this end, 3H-labeled amino acids were photolabeled in 
solid phase with Lys(/ASA) immobilized on agarose. As 
shown in Figure 3E, the highest labeling was observed 
for Trp (2.8 pMol) and the lowest for Asp (0.28 pMol). 
Among the other amino acids tested, the labeling differ- 
ences were 6-fold or less and among the hydrophobic ones 
(lie, Leu, Phe, Pro, Met, Trp, Tyr, and Val) less than 3-fold. 
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Q S14 TCR a chain Figure 5. Amino Acid Sequence of S14 TCR o Chain and 5 Chain 
(A) TCR a chain. 
(B) TCR 3 chain. 
The protease V-9 cleavage sites ([E] and [D]) 
are indicated by oval labels, and those of tryp 
sin (Arg and Lys) by rectangular ones. All M and 
C residues are printed in bold. The constant 
domains on both chains start at position 112. 
Figure 6. Model of the S14 TCR 
The carbon backbone and the photoreactive side chain of the peptide derivative are shown in green. The photoreactive ligand side chain intrudes 
in a cavity between the a chain (in purple) and the 5 chain (in light green). The TCR residues expected to interact primarily with the ABA group 
are the following: Trp-97 of CDR3a (dark red) and Tyr-49 of Cf3’ strand (yellow). 
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These reactivity differences are too small to account solely 
for the exquisite site-specific photoaffinity labeling ob- 
served in this study. 
Molecular Modeling of the S14 TCR and Its 
Interaction with the Ligand 
To understand better the interaction of the S14 TCR with 
its ligand in structural terms, a molecular model of the S14 
TCR was built (see Experimental Procedures). A hallmark 
of this model is a hydrophobic pocket located between 
both CDR3a and the CDR16 and CDR26 loops (Figure 6). 
The walls of this pocket are formed in essence by the C 
and C’ strands of Vf31 and the C-terminal part of CDR3a. 
The extended length and flexibility of the PbCS Lys-259 
side chain enables the ABA group to insert into this pocket. 
According to the model, the ABA group in the bound state 
physically interacts primarily with the side chains of Trp-97 
of CDR3a and Tyr-48 of the VP1 C’strand. This is in accor- 
dance with the identification of the photoaffinity-labeled 
site on the a chain as Trp-97 and on the p chain as a 
residue of the fragment 44-51 (see Figures 3 and 4). In 
addition, the model proposes hydrogen bond formations 
between Asn-29 of the C strand of VP1 with the ABA car- 
bony1 group and Tyr-32 of the same C strand with the azido 
group. 
Discussion 
To study the molecular principles of TCR-ligand interac- 
tions, we generated CTL clones specific for the photoreac- 
tive PbCS peptide derivative IASA-YIPSAEK(ABA)I. The 
N-terminal photoreactive group of the Kd-bound peptide 
derivative, as suggested by molecular modeling (Figure 
6; Maryanski et al., 1991) was essentially buried in the 
MHC protein. This is in accordance with the observations 
that this group was not critical for T cell recognition (Table 
1) and that its photoactivation resulted in efficient Kd photo- 
affinity labeling (Figure 1; Luescher et al., 1994; Romero 
et al., 1994). 
Cloned CTL derived from mice immunized with IASA- 
YIPSAEK(ABA)I, recognized YIPSAEK(ABA)I practically 
as efficiently as IASA-YIPSAEK(ABA)I, but only poorly rec- 
ognized, if at all, IASA-YIPSAEKI or the parental PbCS 
peptide (Table 1; unpublished data), indicating that the 
orthogonal, but not the N-terminal photoreactive, group 
constituted a critical part of the epitope recognized by 
these CTL. As demonstrated by its ability to label the TCR, 
the orthogonal photoreactive group directly interacted with 
the TCR (Figure 1). These findings are in accordance with 
a previous study, in which CTL clones have been derived 
from mice immunized with biotin-YlPSAEK(/ASA)l emulsi- 
fied in adjuvant (Romero et al., 1993a. 1993b). Remark- 
ably, these T cells, recognizing a chemically modified pep- 
tide, were elicited at least as well as Tcells reactive against 
natural antigenic peptides (Romero et al., 1992, 1994). 
It thus appears that while specific binding of a peptide 
derivative to MHC molecules is essential for the induction 
of T cell responses, the specificity of the response is not 
limited to natural amino acid side chains, but can also 
entail artificial entities. Other studies have indicated that 
“hapten-reactive” T cells, elicited by syngeneic cells modi- 
fied with small organic molecules, similarly recognize 
“haptenconjugated” antigenic peptides. Examples in- 
clude Kb-restricted trinitrophenol-specific CTL (Martin et 
al., 1992; Ortmann et al., 1992) I-Ad-restricted arsonate- 
specific T helper cells (Kasibhatla et al., 1993; Nalefski et 
al., 1992, Nalefski and Rao, 1993; Tan et al., 1988) or 
HLA-B7-restricted fluorescein-specific T cells (Siliciano et 
al., 1986). 
The CTL clones described here displayed all the hall- 
marks of antigen recognition by conventional CTL, includ- 
ing MHC restriction and dependence on accessory mole- 
cules, mainly CD8 and LFAl (Luescher et al., 1995; 
unpublished data), as has been previously obsenred in a 
related system (Romero et al., 1993a, 1993b). Although 
the ABA group of IASA-YIPSAEK(ABA)I was essential for 
recognition, this entity was not sufficient for TCR recogni- 
tion. For example, all clones failed to recognize a PbCS 
derivative in which Lys(ABA) was in position 3 (YIK[ABA]- 
SAEKI) (unpublished data), indicating that for TCR recog- 
nition Lys(ABA) must be located in a correct position rela- 
tive to other parts of the ligand. Furthermore, the complete 
inhibition of TCR photoaffinity labeling by IASA-YIP- 
SAEK(ABA)I in the presence of an unrelated Kd binding 
peptide showed that the peptide derivative, under these 
conditions, can interact with the TCR only when bound to 
Kd molecules (Figure 1; unpublished data). 
This TCR photoaffinity labeling, as well as the one by 
P815 cell-associated ligand (Figures 1A and 1B) was 
based on intercellular TCR-ligand interactions, which de- 
pend strongly on cell adhesion mediated by auxiliary mole- 
cules (Romero et al., 1993a; Luescher et al., 1994). In 
contrast, TCR photoaffinity labeling with soluble mono- 
meric ligand (Figure 1C) was independent of integrin inter- 
actions, but instead was remarkably dependent on CD8 
(Luescher et al., 1994). This made possible direct assess- 
ment of CD8 participation in TCR-ligand interactions 
(Luescher et al., 1995). The intensity of the TCR photoaf- 
finity labeling varied among clones (Figure 1). Since the 
CD8 expression of the different clones, as assessed by 
flow cytometry, varied less than P-fold (unpublished data), 
it is likely that the extent of TCR photoaffinity labeling by 
the soluble ligand reflects, at least in part, the affinity of 
the TCR-ligand interactions. 
Analysis of the TCR expressed by the CTL clones indi- 
cated that 5 of 7 clones expressed Vj3lencoded j3 chains 
that were paired with JaTA28-encoded a chains (Table 2) 
(in the case of the S15 clone this is speculative; see Re- 
sults). While a similar observation has been made for bio- 
tin-YIPSAEK(/ASA)I-specific CTL clones (Romero et al., 
1993b), the TCR gene usage by PbCS-specific CTL clones 
was very different, in that none of 28 independent clones 
expressed these TCR gene elements (Casanova et al., 
1991). Since antigen recognition by the former clones re- 
quired that the TCR contact residue Lys-259 was modified 
with a photoreactive group, it was conceivable that the 
preferential usage of VP1 and JaTA28 gene elements was 
related to a structural feature of the TCR-ligand interac- 
tions involved. 
To examine this possibility, the photoaffinity-labeled 
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site(s) on the S14 TCR were localized. Peptide maps of 
tryptic and protease V-8 digests of photoaff inity-labeled a 
and B chain reproducibly yielded defined labeled digest 
fragments (Figures 3 and 4), indicating that the S14 TCR 
was photoaffinity labeled in a site-specific manner. In view 
of the long and flexible nature of the Lys-259 side chain 
that bears the photoreactive group and the exceedingly 
high chemical reactivity of the radicals that emerge from 
this group upon UV irradiation (Figure 3E; Baley and 
Staros, 1984; Matheson et al., 1977), these results 
strongly suggest that the photoreactive group associated 
with the TCR in a defined orientation. If this were not the 
case, one would have expected very heterogenous cross- 
linking, as observed in photoaffinity-labeling experiments 
in which azides in the bound state had a considerable 
freedom of mobility (Brems et al., 1980; Luescher et al., 
1990; unpublished data). Moreover, this conclusion is sup- 
ported bytheobservation that shortening of the photoreac- 
tive ligand side chain by only one methylene group strongly 
reduced the antigen recognition and the TCR photoaffinity 
labeling (Table 1; unpublished data). 
Modeling of the S14 TCR suggested the existence of a 
hydrophobic pocket that is located and structured in a 
manner that it can efficiently accommodate the photoreac- 
tive ligand side chain (Figure 8). The predicted contact 
of the ABA group with the JaTA28-encoded Trp-97 is in 
accordance with the identification of this residue as the 
labeled site on the a chain, which constituted nearly 75%1 
of the total TCR labeling (Figures 2-4). Moreover, the local- 
ization of this Trp in CDR3a (Table 2) is in agreement 
with other reports, indicating that CDR3 loops interact with 
MHC-bound peptide side chains (Jorgensen et al., 1992; 
Danska et al., 1990). However, in contrast with current 
models, our model further suggests that the photoreactive 
ligand side chain also interacts with residues of the Vfll- 
encoded C and 0 strands (Figure 8). This prediction is in 
accordance with the mapping of the photoaffinity-labeled 
site on the j3 chain in C’ strand of VP1 (Figure 4). 
The accommodation of the photoreactive ligand side 
chain in this hydrophobic pocket constitutes a highly effi- 
cient binding principle, which is likely to contribute consid- 
erably to the overall binding energy of the TCR-ligand 
interaction. This is consistent with the observation that 
deletion of the ABA group resulted in a dramatic decrease 
of T cell antigen recognition (Table 1). It is interesting to 
note that Trp and Tyr, which constitute a major part of the 
hydrophobic pocket of the S14 TCR (Figures 5 and 6), 
were photolabeled by Lys (/ASA)derived radicals with con- 
siderably higher preference in aqueous solution, than in 
solid phase (Romero et al., 1993b; Figure 3E). Since pho- 
tolabeling in solid phase directly reflects the actual chemi- 
cal reactivity, the preferential labeling of Trp and Tyr in 
aqueous medium strongly suggests that these amino 
acids are able to associate with arylazides. It is likely that 
the avid binding principle mentioned above can be realized 
only by a few combinations of TCR gene elements. This 
probably explains why CTL-expressing Vpl and JaTA28- 
encoded TCR were preferentially selected in vivo. 
A major finding of the present study is that TCR can 
interact with an MHC-bound peptide derivative not only 
with CDR3 loops, but also with VP-encoded C and C’strand 
residues. Similar findings have been obtained in other sys- 
tems. For example, it has been shown that a fluorescein- 
specific TCR contacts this group with residues of the 
CDRla, CDR2a, CDR3fl, and the Ca strand (Ganju et 
al., 1992) or that an arsonate-specific TCR contacts the 
arsonate moiety of an I-Ad-restricted peptide conjugate 
with residues from all three CDR domains of a Va3- 
encoded a chain (Kasibhatla et al., 1993; Nalefski et al., 
1992, Nalefski and Rao, 1993). Interestingly, in both sys- 
tems the TCR-hapten interaction appears to be remark- 
ably similar to the interaction of these groups with MAbs 
(Kasibhatla et al. 1993; Strong et al., 1991; Ganju et al., 
1992). 
These findings suggest that TCR, like antibodies, can 
recognize a wide array of structures, including artificial 
entities and that both antigen receptors can utilize analo- 
gous molecular principles to accomplish this. For struc- 
tural reasons, this may imply other relative orientations of 
theTCR-ligand interactions than postulated bythe current 
model of TCR-ligand interactions. It remains to be clarified 
whether such principles of T cell recognition are utilized 
only by T cells recognizing ‘haptenated” epitopes. Several 
instances in which preferential usage of certain TCR Vp 
segments is the only feature shared between clones rec- 
ognizing a given MHC-peptide complex suggest that this 
may not be the case (Boitel et al., 1992; Casanova et al., 
1991; Tan et al., 1988). 
Experlmental Procedures 
Generation of IASA-YIPSAEK(ABA)I-Speclflc CTL Clones 
The immunization of BALB/c x C57BU6 Fl mice with wncanavalin 
A spleen blasts expressing covalent Kd-“/ASA”-YIPBAEK(ABA)I com- 
plexes and the preparation of cultures of peritoneal exudate lymph* 
cytesfrom thesemicehasbeendeacribed(Romeroeta1.. 1994).These 
cultures were stimulated in vitro with r-irradiated PSI5 cells pulsed 
with IASA-YIPSAEK(ABA)I every 7 days as described (Romero et al., 
1993a, 1993b. 1994). Viable cells were cloned 6 days after the second 
stimulation by limiting dilution. Cells (0.3-3 cells/well) were cultured 
in 96-well plates together with peptide derivative-pulsed P615 cells 
and v-irradiated BALB/c spleen cells as described (Romero et al., 
1993a, 1993b). After 12 days, all microcultures were tested for peptide 
specific lysis (see below) and selected cultures were expanded by 
wwklyreatimulation.TheSandTcloneswerederivedfromtwoindivid- 
ual mice. 
Qtolytlc Assays 
Cytolytic assays were performed on 61Cr-labeled P615 target cells as 
previously described (Romero et al., 1993a, 1993b, 1994). In brief, 
labeled target cells (2 x 101 in 50 pl) were added to wells of microtiter 
plates containing 3-fold dilutions of peptides in DMEM supplemented 
with 5% fetal calf serum and IO mM HEPES (100 ~1). After 15 min 
incubation, CTLs (6 x Iv in 50 pl) were added and after 4 hr of 
incubation the “Cr content of supematants (100 PI) was determined. 
Percentage of specific lysia was calculated as 100 x (experimental - 
spontaneous release) I (total - spontaneous release). The relative 
antigenic activities were calculated by dividing the concentration of 
IASA-YIPSAEK(A8A)I required for half-maximal lysia, by that required 
for the variant peptide derivatives. The Kd competitor activity, reflecting 
the ability of a compound to bind to Kd, was assessed in a recognition- 
based competition assay (Luescher et al., 1994) and was normalized 
relative to the one of IASA-YIPSAEK(AEA)I, which was defined as 1. 
To facilitate comparison, the relative antigenic activities of the different 
compounds were normalized by dividing the relative antigsnic activity 
by the corresponding relative Kd competitor activities. Thus, by defini- 
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tion, the normalized relativeantigenic activity of IASA-YiPSAEK(ABA)I 
was 1. 
Prepamtion and Characterization of Prptidea 
and Peptide DerIvativea 
The synthesis and characterization of /ASA-YiPSAEK(ABA)i, YIPSAE- 
K(ABA)I, YIPSAEK(/ASA)I, IASA-YIPSAEKI, the PbCS 253-260, and 
other peptides have been described (Luescher et al., 1994; Romero 
et al.. 1993a, 1993b). Reverse phase HPLC was performed on asemi- 
preparative C-16 column (1 x 25 cm, 5 urn particle size, Macherey 
Nagel, Oensingen, Switzerland) on a Waters 600 E system with an 
in-line 1000 S diodearray photospectrometer (Applied Biosystems. 
Incorporated, Foster City, California). The column was eluted by a 
linear gradient of acetonitrile on water containing 0.1% trifluoroacetic 
acid, rising in 1 hr from 0%-75%. The flow rate was 4 mi/min. Under 
these conditions, IASA-YIPSAEK(ASA)i eluted at 44 min, IASA- 
YIPSAEKI at 36 min. and YIPSAEK(A6A)I at 31 min. Ail compounds 
displayed the expected spectra (Romero et al., 1993a, 1993b; 
Luescher et al., 1994). The derivatives YIPSAEOrn(Ar3A)i and YIP- 
SAEDab(A6A)i were prepared as YiPSAEK(ABA)i and differed from 
this compound only in the mass spectra. ‘“/ASA-YiPSAEK(ABA)I was 
prepared by reacting ‘“/ASA-ONSu with YIPSAEK(ABA)I as previously 
described (Luescher et al., 1994). ‘“ISA-YIPSAEK(ABA)i was pre 
pared likewise using ‘?SA-ONSu instead of ‘z/ASA-GNS~. YIPSAE- 
K(‘25/ASA)I was prepared by reacting TASA-ONSu with Fmoc- 
YIPSAEKI followed by removal of the Fmoc group prior to HPLC. All 
radioactive derivatives were HPLC purified on an analytical C-4 Vydac 
column (see below). ?ASA-YIPSAEK(ABA)I eluted from the C-4 col- 
umn after about 35.2 min, YIPSAEK(‘2J/ASA)I after 27 min. and ‘TSA- 
YIPSAEK(ABA)I after 26.5 min. All radioactive peptide derivatives were 
lyophylized and used within 2 days. The specific radioactivity of these 
compounds was approximately 2000 Cilmmoi. 
Kd and TCR Photoaffinity Labeling 
Photoaffinity labeling of P615 cell-associated or soluble Kd molecules 
with ‘2S/ASA-YIPSAEK(ABA)I and of TCR by covalent ligand was per- 
formed as described (Luescher et al., 1994). For TCR photoaffinity 
labeling with ‘25/.SA-YiPSAEK(ABA)I and YiPSAEK(‘2J/ASA)i 1 mCi of 
peptide derivative was reconstituted in 100 pl phosphate-buffered sa- 
line (PBS) containing 50 pg of purified KQIO and 0.25 pg of human 
B2rn (Sigma). After incubation for 2 hr at ambient temperature, 3 x 
10’ cloned CTL, resuspended in 1.7 ml DMEM, supplemented with 
0.7% fetal calf serum, 20 mM HEPES, and 4.2 pg human P2rn were 
added. After incubation for 2 hr on ice, the incubation mixture was 
irradiated at 4OC for 1 min with a 90 W mercury fluorescence lamp 
with an emission maximum at 312 nm (BioBiock Scientific, Ilikirch, 
France). 
lmmunoprecipitation and Gal Eiectrophoresis 
For immunoprecipitation with the anti-TCR MAb H57-597, the washed 
ceils (1 x IO’ ceil/ml) were lysed on ice in PBS supplemented with 
NP-UJ (0.7%) HEPES (50 mM), PMSF (100 PM), ieupeptin (IO uglmi), 
and iodoacetamide (10 mM). After centrifugation (3 min at 15,000 x g) 
the supernatants were filtered through 0.45 urn filters. immunoprecipi- 
tationandSDS-PAGEanaiysis(lO%, under reducing conditions) were 
performed as described (Romero et al., 1993a, 1993b; Luescher et 
al., 1994). For peptide mapping, TCR were immunoprecipitated by 
incubation with H57-597 MAb absorbed on protein A-Sepharose un- 
der agitation at 4OC overnight. The Sepharose was washed four times 
with PBS containing NP-40 (0.5%) and 2 x with PBS and iyophytized. 
For immunoprecipitatfon with the anti-CD3 MAb 145-X1 1, ceils (1 x 
10’ ceils/ml) were lysed on ice in PBS containing 1% digitonine and 
the same other ingredients. After preincubation with protein A-Sepha- 
rose 48 (Pharmacia) for 4-8 hr the lysates were centrifuged (3 min at 
15,000 x g), membrane filtered, and incubated overnight with 145- 
2Cll MAb absorbed on protein A-Sepharose. The Sepharose was 
washed five times with cold 0.5% digitonine in PBS and two times 
with PBS. The iyophyiized Sepharose was resuspended in sample 
buffer for IEF and after incubation for 1 hr at 37OC the supernatants 
were subjected to disc IEF followed by SDS-PAGE as previously de- 
scribed (Romero et al., 1993b). 
Peptide Mapptng 
The photoaffinity-labeled and immunoprecipitated S14TCR was dena- 
tured and reduced by incubation in 6 M urea (50 ui) supplemented 
with P-mercaptoethanoi (100 mM), Tris (100 mM [pH 8.01) and NP40 
(1%) at 37OC for 1 hr. After membrane filtration, the supernatant was 
diluted 5-fold with urea in water (6 M) and subjected to FPLC on a 
DEAE Prot-Pat column (Waters). The column was equilibrated in 20 
mM Tris (pH 6.0) supplemented with urea (6 M), NP-40 (0.05%) and 
2-mercaptoethanol (2 mM) and was eluted at a flow rate of 1 mUmin 
with a linear gradient of NaCl rising in 1 hr from O-500 mM. The 6 
chain eluted after approximately 26 min and the a chain after about 
36 min. Both proteins were pure as assessed by two-dimensional gel 
analysis. After concentration of the pooled fractions on Centrlcons (30 
kDa cut-off, Amicon. Incorporated. Zurich, Switzerland) to about 200 
ui, iodoacetamide (5 mM final concentration) was added and the mix- 
ture was incubated under argon at 37*C for 30 min. Alternatively. 
alkyfation was performed likewise with 100 uCi P-bromoacetoyl 
[“Sjmethionine (1175 Cilmmol) followed by 30 min incubation with 
nonradioactive 2-bromoacetoyl methionine (5 mM). The samples were 
dialyzed in 25 kDa membrane tubings (Spectropore) overnight against 
1 I PBS at 4OC. Aiiquots of the reduced and aikyiated TCR chains 
were diluted IO-fold in Tris (100 mM [pH 6.Oj) and digested at 37OC 
with trypsin (Boehringer Mannheim, Rotkreuz, Switxerland) for 46 hr. 
Aliquots (10 ug) of enzyme were added after every 12 hr. Alternatively, 
aliquots were diluted likewise in phosphate buffer (100 mM [pH 7.61) 
and digested likewise with protease V-6 (Boehringer-Mannheim). The 
digests were subjected to reverse phase HPLC on an analytical C-4 
column (4 x 250 mm, 5 urn particle size, Vydac, Hisperia, California) 
utilizing the same equipment as described above. The column was 
equilibrated at 37OC in water containing 0.1% trifluoroacetic acid and 
was eiuted with a linear gradient of acetonitriie rising within 1 hr from 
0%-75%. The flow rate was 1 milmin and 1 min fractions were wi- 
lected and their radioactivity measured. The chromatography was 
monitored by assessing the OD 214 nm profile of internal standards, 
including Lys(DNP) (eiution time approximately 15.1 min), PSNTPPEI 
(17.6 min). YIPSAEKI (16.7 min), ASNENMDAM (27.3 min). and oxi- 
dized insulin 6 chain (31.4 min) (Sigma). 
For secondary peptide mapping, labeled digest fragments were re 
constituted in 300 ul 70% formic acid containing 5 mg CNBr (Sigma) 
and incubated under nitrogen in the dark at ambient temperature for 
24-26 hr. After lyophiiization, the cleavage products were subjected 
to C-4 HPLC. Alternatively, the labeled digest fragments were treated 
with endoprotease Arg-C (Boerhinger Mannheim) as recommended 
by the supplier. The digestion was performed at 37*C for 24 hr and 
two 5 ug aliquots of enzyme were added. The reaction mixture (100 
ul) was diluted with 800 ui 10 mM Tris (pH 6.0) and subjected to anion 
FPLC as described above, except that the solvents contained only 
Tris and NaCI. For destructive digestion, the labeled S14 TCRa V-8 
digest fragment was reconstituted in 506 ul citrate buffer (50 mM [pH 
5.5j) containing 5% acetonitrlie and incubated at 37OC for 46 hr with 
carboxypeptidase Y and P (Boerhinger Mannheim). Aliquots of en- 
zymes (5 pg of carboxypeptidase P and 1 9g of carboxypeptidase Y) 
were added every 12 hr. The digest mixture was subjected to HPLC 
as described above, except that an analytic C-16 cdumn (Vydac) was 
used. For biosynthetic labeling of the 514 TCR with 3H Trp, S14 CTL 
(4 x 10’ ceils in 10 ml; 3 days after stimulation) were incubated in 
Trpdeficient DMEM supplemented with interfeukin-2 (IL-2) (20 U/ml), 
dialyzed fetal calf serum (7%), HEPES (10 mM), and 10 mCi of SH Trp 
(Amersham, specific radioactivity of 28 Cilmmoi) at 37OC for 8 hr. The 
washed cells were then photoafftnity labeled with KQlO-associated 
YIPSAEK(‘261ASA)i of reduced specific radioactivity (approximately 2 
Cilmmol). SDS-PAGE analysis of labeled digest fragments was per- 
formed as described by Schagger and von Jagov (1987). M, assess- 
ment was based on low M, standards (BDH, Poole, England) that were 
revealed by Coomassie blue staining. 
Photolabeling of individual Amino Acidr with Lya (IASA) 
Solutions of 3H-labeied amino acids (Amersham, specific radiiactivi- 
ties in the range of 15-l 70 CilmMoi) were dried on Lys(/ASAmrose. 
This agarose was prepared by exhaustive reaction of poiyfysine (M, 
70,000-150,000) immobilized on 4% beaded agarose (9.9 mg per ml 
packed agarose) (Sigma) wfth IASA-GNSu ester in dimethytsuifoxide 
and diisopropylethylamine. Per incubation 5 pl of packed agarose and 
3 nMoi of amino acid were dried in polypropylene tubes. The amount 
of immobilized amino acid was determined after UV irradiation (see 
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above) and extensive washing with PBS containing 1% SDS, water 
containing 20% acetonitrile and PBS (pH 6.3) containing 10 mM EDTA 
and 0.5 M NaCl from the agarose-associated radioactivity and the 
specific radioactivity of the amino acid. The amount of agarose- 
associated noncross-linked amino acid (< 10%) was determined like- 
wise by omitting UV irradiation and was subtracted of the former val- 
ues. All incubations were performed at least in triplicates. 
Moleculsr Yodrllng 
Models of the S14 a and 5 chains were constructed based on the 
known three-dimensional structure of immunoglobulin domains (the 
first domain of CD4 [Brookhaven Database entry 2CD4J and IgG Fab 
fragments [SFAB, 1 REI, PMCP and 2FB4]). The amino acid sequences 
of both TCR chains were aligned to a structurally corrected multiple 
alignment of the sequences with known three-dimensional structures 
using SIM and LFASTA (Pearson and Lipman, 1966). Some minor 
adjustments were done manually in loop regions to maximize the se- 
quence similarity. The modeling procedure included the following: con- 
struction of an averaged framework based on the optimally superim- 
posed reference data sets: the fitting of the sequence of both chains of 
the TCR to this framework based on a structurally optimized sequence 
alignment; reconstruction of the loop regions from their “stems” by 
structural homology searches through the Brookhaven Protein Data- 
bank as described by Greer (1990); rebuilding of the backbone atoms 
using a database of backbone elements; and the reconstruction of 
the missing and incomplete side chains using a library of allowed side 
chain rotamers (Ponder and Richards, 1967). Optimization of the bond 
geometries and relief of unfavorable nonbonded contacts were per- 
formed by 30 steps of steepest descent followed by 500 steps of conju- 
gate gradient energy minimization using the CHARMM program 
(Brooks et al., 1963) with the PARAMPO parameter set. Upon visual 
inspection of the resulting structure, some side chains were moved 
to another more suitable rotamer, and the energy minimizations were 
repeated. The resulting TCR model was then tested for errors using 
the three-dimensional profile matching procedure (Liithy et al., 1992). 
An average threedimensional-onedimensional score of 0.54 and 
0.56 was computed for the a and the 5 chain respectively. No region 
of the model had local scores of less than 0.3. 
TCR Sequence Analysis 
TCR analysis was performed as previously described (Casanova et 
al., 1991; Romero et al., 1993b). In brief, total RNA extraction was 
performed by the guanidium-isothiocyanate acid phenol method. 
cDNA transcription was carried out with AMV reverse transcriptase 
according to the instructions of the supplier (Boehringer Mannheim). 
Screening of the Va and Vj3 genes was performed by PCR using prim- 
ers described in Casanova et al. (1991). Purified PCR products were 
sequenced with sequenass (US Biochemicals. Cleaveland, OH) and 
=P a5 ATP following the instructions of the suppliers. 
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